In a present process to treat the tungsten carbide tool waste, the wastes are roasted in air and then an alkali leaching is carried out in an autoclave. An environmentally friendly process is required to recover rare metals (Co and W) from the wastes. The effect of mechano-chemical (MC) treatment on leaching of rare metals was investigated in this study. The solvent extraction and crystallization-stripping methods were applied to separate and recover tungsten and cobalt in the leached solutions.
Introduction
Tungsten carbide (WC) is used for cemented carbide tool. 1) The crude products are manufactured by molding and sintering the mixture of WC and Co powders.
2) The prescribed shape of cemented carbide tool products is obtained in the process ground with diamond. The powder born by this process contains WC of 55%, Co of 6.5% and impurity (SiO 2 , Al 2 O 3 and so on) in general because of passing through the filtration process with diatomite. The amount of the powder discharged from the manufacturing process is approximately 1000 tons/year. The material ore of tungsten is scheelite or wolframite which contains about 1% in WO 3 . The demand of rare metals like W and Co is increasing and they are contained in the cemented carbide tool wastes but their deposit is small. It is important to recover rare metals from waste in the viewpoint of the secure of resources, since it is going to be difficult to be supplied stably from the primary resources of various kinds of rare metals. 3, 4) It is necessary to establish the efficient separation and recovery process for W and Co.
In the conventional treatment process, W is obtained as CaWO 4 through the following processes; oxidizing roasting of WC at high temperature leaching under high temperature and pressure with alkaline solution pressure filtration by filter press precipitation of calcium tungstate (CaWO 4 ) vacuum filtration. Cobalt contained in the raw material is not recovered because Co is precipitated in alkaline solution. Therefore, it will be largely requested to establish the environmentally friendly recovery process of W and Co simultaneously with unheated oxidizing and normal temperature and pressure leaching. 5, 6) The new and efficient recycling process of W and Co from the wastes has been investigated in this study. The target wastes are discharged from the abrasive processing of crude products in cemented carbide tool manufacturing. The keywords of the study are unheated oxidizing, ambient temperature and pressure leaching, recovery of W and Co, solvent extraction method and crystallization-stripping. We investigated the separation of W and Co from cemented carbide tool waste in the leaching step by the dissolution of Co at low concentration of H 2 SO 4 . The MC treatment was carried out by adding KMnO 4 as an oxidizing agent to the residue of H 2 SO 4 leaching in order to dissolve W under the mild condition, namely, ambient temperature and pressure after changing WC to soluble K 2 WO 4 .
711) Solvent extraction 1214) and crystallization-stripping 1517) were employed for the recovery of Co and W from the leachate.
Experimental
The separation of Co and W in the leaching step was investigated by the dissolution of Co from cemented carbide tool waste with low concentration of H 2 SO 4 . The cemented carbide tool waste was sieved to ¹500 µm and used as the sample. This sample had no water and oil contents because it was dried at 70 degree C for 24 h. 3 ) which are installed on the horizontal rotary disk (rotation: clockwise) and the mill pots themselves rotate (rotation: counterclockwise) at the same rotating speed as the disk. Seven WC balls (diameter: 15 mm) and 3 g of mixed sample were poured into the mil pot made of WC. The rotating speed was set at 700 rpm and MC treatment time was changed. We prevented the mil pot from having fever by the natural cooling for 30 min every 15 min. The product obtained after MC treatment was analyzed by an X-ray diffract meter (RINT-TTR III, Rigaku). Sodium hydroxide of 1 mol/dm 3 was used for the leaching of the product after MC treatment. The leaching was operated under the following conditions; the ratio of solid/liquid = 1 g : 20 cm 3 , room temperature operation and leaching time of 60 min. After the separation of solid and liquid, the leaching percentage was obtained by the measurement of metal ion concentrations in the filtrate according to the same way mentioned above.
In the separation of Co and W by solvent extraction, 0.5 mol/dm 3 D2EHPA (Di-2-ethylhexyl phosphoric acid) diluted with kerosene was used. The solution containing Co at 5 g/dm 3 was used as the aqueous phase. The organic and aqueous phases of 15 cm 3 were poured into the centrifugal tube and shaken for 30 min at 300 spm with a vertical shaker. After centrifugal separation for 15 min at 1500 rpm, the extraction percentage was calculated by the measurement of metal ion concentrations in the aqueous phase. Crystallization of Co was performed as follows; Co concentration in the organic phase was 5 g/dm 3 and crystallization agent was oxalic acid solution. Crystallization-stripping was carried out by the same way as mentioned above. After the operation, aqueous solution and crystallized product were separated by a filtration. The metal ion concentrations in the organic and aqueous phases were measured by an ICP.
As the organic phase for W extraction, TOA of 0.5 mol/dm 3 diluted with kerosene containing 1-decanol of 10 vol% as a modifier was used. The solution containing W at 10 g/dm 3 was used as the aqueous phase. NH 4 OHNH 4 Cl solution was used for crystallization-stripping of W. The extraction and crystallization-stripping operations were carried out by the same way as mentioned above. Figure 1 The dissolution of WC in an unheated condition was tried by transforming WC to water soluble K 2 WO 4 . For this purpose, the MC treatment with the addition of KMnO 4 as an oxidation agent was applied for the residue of acid leaching. The possibility for oxidation reaction of WC with KMnO 4 was investigated from the thermodynamic calculation. The oxidation reaction is expressed as follows,
Results and Discussion

Leaching operation
The equilibrium constants for the above reaction are calculated to be 9.80 © 10 171 at 273 K and 4.42 © 10 124 at 373 K, which strongly indicate the progress of the reaction. It is true that the progress of the reaction is dependent on both the equilibrium constant and the reaction velocity. If the reaction velocity is very slow, the reaction does not happen irrespective of the value of equilibrium constant.
The effect of MC treatment on oxidation of WC was investigated based on the above calculation. X-ray diffraction analysis of WC in the residue and the products obtained after the MC treatment are shown in Fig. 2 . The oxidation products, K 2 WO 4 and MnO, are recognized in the product after MC treatment. The MC treatment makes it possible to change the crystalline structure to amorphous, which is easy to dissolve in a leaching step. Figure 3 shows the results for 1 mol/dm 3 NaOH leaching of the cemented carbide tool waste after a MC treatment. The effect of leaching of W on NaOH concentration was examined in order to determine the leaching condition of the cemented carbide tool waste treated mechno-chemically. Leaching of W increases with an increase in concentration of NaOH and reaches to 100% at 0.2 mol/dm 3 NaOH. W species is dissolved even at low concentration of NaOH due to the transformation of WC to water soluble K 2 WO 4 with the MC treatment, whereas the dissolution of W increases with increasing the concentration of NaOH because of the transformation to WO 3 which is soluble in alkali solution. In the product after MC treatment, there exist K 2 WO 4 soluble in water and WO 3 soluble in alkali solution. The effect of leaching time on leaching of W was investigated. Leaching of W reaches to 100% by 5 min leaching operation, which indicates a fast leaching velocity of W. The MC treatment makes it possible to dissolve W at normal temperature and pressure without high temperature roasting.
The composition of the filtrate after leaching with 1 mol/dm 3 NaOH was analyzed. The leaching amount of W is 10.4 g/dm 3 and there exist trace amounts of Ta and Mo in the leaching solution. Manganese is not dissolved in the leaching solution regardless of excess additional amount of KMnO 4 . From the X-ray diffraction pattern of leaching residue, the diffraction pattern of WC disappears, while the existence of MnO and Mn 3 O 4 is recognized in the X-ray pattern. The chemical of KMnO 4 is reduced to MnO and Mn 3 O 4 by the MC reaction and then the dissolution of Mn is suppressed.
Solvent extraction and crystallization-stripping of
Co and W The extraction of Co with D2EHPA is shown in Fig. 4 . The extraction of Co more than 90% takes place at pH over 4, while the extraction of W present in the solution becomes less than 10%. The separation factor is 185, which requires 23 stage counter-current extraction to separate Co and W. The crystallization-stripping of Co as Co oxalates is carried out from the organic phase by using oxalic acid solution. oxalic acid. The stripping of Co happens in the pH range 04, whereas crystallization occurs in the pH region of 14. Because stripping of Co does not occur in the pH range over 4, the crystallization of Co decreases in this pH region. The metal oxalates have generally low solubility in aqueous solution, and the reaction and solubility product of Co oxalates are expressed as,
The precipitation of Co oxalate is calculated from the above solubility product. The precipitation takes place at low pH and the pH region over 1.5 gives the perfect precipitation, 100%, though it depends on the oxalic acid concentration. The calculation is in good agreement with the experimental results shown in Fig. 6 . Figure 7 shows the extraction of W with 0.5 mol/dm 3 TOA. In the acidic pH range, W exists as anionic species such as H 3 W 6 O 21
3¹
, HW 6 O 21 5¹ and WO 4 2¹ and so these anionic species are extracted by an anion exchange reaction with TOA. 18, 19) As cobalt ions do not form an anionic species with sulfate ions, Co is not practically extracted with TOA. The separation factor of W over Co is as ¢ = 2,400, which means that 2 stage counter-current extraction is enough for the separation.
The crystallization-stripping is applied to the organic phase containing W, in order to obtain ammonium salt of tungstic acid. Using the solubility product of ammonium salt of tungstic acid, K sp = 1.63 © 10
¹6
, the precipitation diagram of the ammonium salt can be calculated as a function of pH, as is shown in Fig. 8 . Since the species of NH 4 + is dissociated to NH 3 (NH 4 + = NH 3 + H + , K a = 10 ¹9.3 ), the precipitation of ammonium salt does not happen in the higher pH range. Figure 9 shows the crystallization and stripping of W with NH 4 OH/NH 4 Cl solution (total ammonia concentration = 6 mol/dm 3 ). In the pH range over 4, stripping of W takes place to reach 100% at pH 7 due to the dissolved state of W species. On the other hand, the crystallization occurs at pH 5 and it takes the maximum crystallization, that is, 70% at pH 7.9. In the pH region more than 7.9, the concentration of NH 4 + decreases owning to the dissociation of NH 4
+ . In the pH over 5 the stripping of W does not happen and the existent amount of NH 4 + in aqueous phase decreases in the pH over 8. As a result, the crystallization becomes a convex curve as a function of pH. It is due to the same reason why the crystallization is less than 70%.
Recycling process of W and Co from the tungsten
carbide tool waste According to the experimental results, the environmentally friendly recycling process of W and Co from the waste is proposed as shown in Fig. 10 . By leaching Co with dilute H 2 SO 4 from the waste, Co and W are separated in the leaching step. Co ions in the leached solution are extracted with D2EHPA, and then crystallization-stripping with oxalic acid is applied to the organic phase in order to crystallize cobalt oxalates. WC in the residue after H 2 SO 4 leaching must be transformed into oxides to dissolve in aqueous solution. The MC treatment is suitable for oxidizing WC in the presence of KMnO 4 as an oxidation agent, and then K 2 WO 4 is formed to dissolve in aqueous solution without heating at high temperature. The tungsten species in aqueous solution are extracted with the anion exchange type extractant like TOA, and then the organic phase is treated by the crystallization-stripping with NH 4 OHNH 4 Cl solution. The above mentioned operations result in crystallization of ammonium paratungstate (APT). Both crystallization products, Co(COO) 2 and APT, are transformed to metal oxides by heating at low temperature, 573773 K.
Conclusion
In the recycling plant for the cemented carbide tool waste operating at present, high temperature roasting and alkali leaching in an autoclave are used. The green technology to effectively recover W and Co from the waste was investigated in this study. The key words of this study are unheated operation, simultaneous recovery of W and Co, crystallization-stripping and green technology.
Leaching of the waste with acid or alkali at normal temperature and pressure was applied to the waste, followed by the extraction and crystallization-stripping of Co and W. The crystallized products such as Co(COO) 2 and ammonium paratungstate (APT) can be changed to metal oxides at low temperature, 573773 K.
This research is concerned with the treatment process for tungsten carbide tool waste generated in the grinding process of the crude products. Although this treatment process is difficult to apply to the used tungsten carbide tool with a certain shape, the technology and process proposed here is applicable to other wastes containing rare metals. Fig. 10 Environmentally friendly process for recycling of tungsten carbide tool waste.
